Group A rotaviruses are a major cause of gastroenteritis in children and in the young of most animal species (35) . In the developing world, rotavirus diarrhea is a leading cause of mortality in children under the age of 5, and the World Health Organization has recognized the development of rotavirus vaccines as a priority for the reduction of infant mortality in developing countries (43) .
Two rotavirus proteins, VP7 and VP4, which constitute the outer layer and the viral spikes, respectively, are known to induce neutralizing antibody responses, and the classification of rotaviruses into G and P types is based on the variability observed in the genes encoding these two proteins (20) . At least 14 G types (G1 to G14) and 20 P types (P [1] to P [20] ) have been identified to date, of which 10 G types and 5 P types have been found in rotaviruses infecting humans (20, 35) . The middle layer of rotaviruses is constituted by a single protein, VP6, arranged in trimers. Among group A rotaviruses, four different subgroups, SGI, SGII, SGIϩII, and nonI/nonII, have been distinguished on the basis of VP6 diversity (25) , but human rotavirus strains are possibly only from SGI or SGII (29) . A nonstructural protein, NSP4, has been identified as a viral enterotoxin capable of inducing age-dependent diarrhea in mice (4) . Five different genotypes of NSP4 (A to E) have so far been identified, and all human strains characterized to date are from genotype A or B (7, 30) . These four proteins are known to be immunogenic and may be important determinants of pathogenesis. The immunological responses to these proteins may be important for protection from subsequent infection and disease.
Epidemiological studies of rotavirus infections are increasingly revealing a great diversity of rotavirus strains cocirculating in the human population throughout the world (11, 17) . Rotaviruses diversify and evolve mainly through two mechanisms: the accumulation of point mutations (genetic drift), which generates genetic lineages and leads to the emergence of antibody escape mutants, and genetic shift through gene reassortment during dual infection of a single cell (28) . Zoonotic transmission and gene reassortment between human and animal rotaviruses also contributes to the generation of diversity in rotaviruses infecting humans (28) .
Although the correlates of protection are not yet fully understood, it is thought that protection from infection and severe disease may be type specific. Therefore, monitoring the rotavirus types cocirculating at any one time and the emergence of novel rotaviruses is crucial during the implementation of any future vaccination program.
In this study, we describe the detection of pathogenic rotaviruses of G10P [11] genotype in neonates in Vellore, India, associated with disease in almost two-thirds of the infected neonates. Sequence analysis of the genes encoding VP4, VP6, VP7, and NSP4 revealed them to be very closely related to the neonatal asymptomatic strain I321 and to bovine strains commonly circulating in India.
MATERIALS AND METHODS
Clinical specimens. A total of 43 fecal samples found to be rotavirus positive by enzyme immunoassay and collected between January 1999 and April 2000 from neonates admitted to the neonatal nursery, with or without gastrointestinal symptoms, were characterized for G and P genotypes, subgroup, and NSP4 genotype. Two rotavirus G10P [11] strains isolated from nonneonatal symptomatic children in Vellore in 1998 were also included for comparison.
Rotavirus strain characterization. G and P genotyping was performed using published methods. Briefly, the rotavirus-positive fecal samples were prepared as 10% suspensions in balanced salt solution. Two hundred microliters of the 10% fecal suspensions was used for nucleic acid extraction with guanidinium isothiocyanate and silica (6) , and the extracted nucleic acid was reverse transcribed in the presence of random hexamers (32) . The cDNA was then used for G-and P-typing seminested PCRs, using published oligonucleotide primers and methods (23, 24, 34) .
First-round amplicons of the genes encoding VP7 of 15 G10 rotavirus strains were obtained using the consensus primers VP7-F (5Ј ATGTATGGTATTGA ATATACCAC 3Ј; nt 51 to 71) and VP7-R (5Ј AACTTGCCACCATTTTTTCC 3Ј; nt 914 to 932) and were directly sequenced. First-round amplicons of the genes encoding VP4 were obtained using the oligonucleotide primers Con3 (5Ј TGGCTTCGCCATTTTATAGACA 3Ј; nt 11 to 32) and Con2 (5Ј ATTTCGG ACCATTTATAACC 3Ј; nt 868 to 887) (23) , which amplify the VP8* region of the VP4-encoding gene. Direct sequencing was performed on 11 rotavirus G10 strains for which P-typing seminested PCR was unsuccessful. In addition, amplicons of the genes encoding the VP6 and NSP4 genes of 12 of these 15 G10 rotavirus strains were sequenced using the oliogonucleotide primers VP6-F (5Ј GACGGVGCRACTACATGGT 3Ј; nt 747 to 766)-VP6-R (5Ј GTCCAATTC ATNCCGGTGG 3Ј; nt 1126 to 1106) (29) and NSP4-F (5Ј GGCTTTTAAAA GTTCTGTTCCG 3Ј; nt 1 to 22)-NSP4-R (5ЈGTCACACTAAGACCATTCC 3Ј; nt 753 to 732) (7), respectively. Two rotavirus G10P [11] strains isolated from nonneonatal symptomatic children in Vellore in 1998 were also characterized and included in the comparisons.
The amplicons were purified using Qiaquick PCR purification spin columns (Qiagen) prior to sequencing with the same oligonucleotide primers used in the different VP4, VP6, VP7, and NSP4 PCRs and the CEQ2000 Dye Terminator Cycle Sequencing Quick Start kit (Beckman-Coulter). All methods were carried out following the manufacturers' instructions. The sequences were resolved using an automated sequencer (CEQ; Beckman-Coulter). Multiple alignments and phylogenetic analyses were carried out using the Bionumerics (Applied Maths, Kortrijk, Belgium) and BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) software packages. The dendrograms were confirmed by at least two of the following methods; neighbor joining, maximum parsimony, and maximum likelihood. Genotypes and genetic lineages within genotypes were confirmed by bootstrap values of Ͼ90% using 1,000 pseudoreplicate runs.
The nucleotide sequences described in this work are freely available upon request.
RESULTS
Of the 43 rotavirus-positive neonates, 27 (63%) had gastrointestinal symptoms: 14 had symptoms of acute gastroenteritis; 7 had necrotizing enterocolitis (NEC); 2 had pneumatosis intestinalis, 1 of them associated with NEC; and 4 had vomiting and/or food intolerance. Sixteen neonates had no gastrointestinal symptoms.
Of the 43 rotavirus-positive samples from which VP7 was characterized, 41 were G10. Sequence alignment and phylogenetic analysis of 15 of these strains showed that the genes encoding VP7 of the G10 strains were very closely related to that of the neonatal asymptomatic strain I321 (Ͼ98% homology at the nucleotide level). The sequences of the G10 strains found in this study were also more closely related to the sequences derived from two bovine strains isolated in India (strains B75 and B69) than to other G10 human strains previously found in Japan and the United Kingdom (Fig. 1) .
Initially, the P type associated with the majority of the G10 strains could not be determined by reverse transcription (RT)-PCR. Sequencing of the fragment corresponding to the VP8* region of the gene encoding VP4 revealed that these strains were of the P [11] genotype (Fig. 2) . The VP8* sequences derived from the strains described in this study were highly conserved and were Ͼ90% homologous, at the nucleotide level, to the VP8* sequence of strain I321 and of a bovine rotavirus isolate (D14367) from Japan.
G10 was found in combination with P [11] in 40 samples and with P [4] in one. A further sample contained multiple rotavirus strains, as indicated by the presence of G9 in combination with P [4] and P [6] , and the remaining sample was characterized as G2P [4] .
The G10P [11] rotavirus strains were of SGI, according to sequence analysis of a 379-bp fragment of the gene encoding VP6. These VP6 partial sequences clustered in a separate genetic lineage of SGI and were more closely related to the sequences of I321 and bovine strain 22R than to any other VP6 SGI sequences of human rotavirus strains (Fig. 3) .
The NSP4 sequences derived from the G10P [11] rotaviruses clustered within NSP4 genotype A but in a separate genetic lineage from other NSP4-A sequences derived from human rotavirus strains (Fig. 4) . The NSP4 sequences of the G10P [11] strains were more closely related to the sequences derived from bovine rotavirus strains and were highly homologous to that of the neonatal G10P [11] strain I321 (Fig. 4) . Alignment of the deduced amino acid sequences of genotype A NSP4s showed that the G10 strains had amino acid substitutions typical of the NSP4s of bovine strains, amido acid positions 4, 135, 136, 138, and 161 (Fig. 5) .
No significant differences in the sequences of any of the genes investigated were observed among the strains from ne- onates with acute gastroenteritis or NEC, older symptomatic children, and those from neonates with no gastrointestinal symptoms.
DISCUSSION
A high incidence of asymptomatic rotavirus infection in neonates has been reported in various studies in India (1, 8, 14, 15, 44) . The rotaviruses found associated with neonatal asymptomatic infections exhibit unusual genotypes, such as G9P [11] and G10P [11] (1, 14, 16, 22) . It is not yet clear whether the lack of disease is virus or host related and/or dependent on the existence of protecting maternal antibodies. A 7-year study conducted in Bangalore and Mysore, India, showed that I321-like G10P [11] strains were exclusively associated with asymptomatic infections in neonates and estimated the prevalence of asymptomatic infection in this group to be 34% (1).
G10P [11] rotaviruses are common pathogens of cattle in several parts of the world (21, 27, 37, 47), and they are by far the predominant bovine rotavirus throughout India (26, 47) . Within this group, there is genetic diversity across the world and within India (26, 47) . Zoonotic transmission has been increasingly recognized as an important contributor to the diversity of rotaviruses found in human infections (2, 28, 38, 39) . This, coupled with the ability of rotaviruses to reassort during multiple coinfections, results in the exchange of genetic material between human and animal viruses and generates novel viruses (28, 38, 39) . Therefore, it is perhaps not surprising that, given the close proximity between cattle and humans in many Indian communities, G10P [11] strains may have been transmitted from cattle to the human population and become an established human pathogen. Where our findings differ from previous reports of infection with G10P [11] strains in India is in the association of these strains with disease in 63% of the neonatal cases analyzed, and also in the identification of G10P [11] rotaviruses causing sporadic infections in older children, associated with disease severe enough to require hospitalization. Rotaviral loads, as determined by quantitative RT-PCR, consistent with symptomatic infection were found in all samples from symptomatic patients, whereas samples from asymptomatic patients had viral loads consistent with low disease severity scores or asymptomatic infection (34) . No bacterial infections were detected in any of the cases. These findings indicate that in Vellore, at least, G10P [11] strains are not exclusive to neonatal or asymptomatic infections.
Sequence analysis of the genes encoding VP7, VP6, VP4, and NSP4 has revealed no significant differences between the strains associated with asymptomatic or symptomatic infection in neonates or older children. The sequences of the genes encoding these four proteins were all highly homologous to those of strain I321, including the NSP4 regions between amino acid positions 114 and 135 (Fig. 5) , associated with the FIG. 2. Dendrogram constructed using the maximum-parsimony method and rotavirus partial VP4 nucleotide sequences (corresponding to the VP8* region) of different P-type specificities derived from human isolates. The sequence derived from a nonneonatal symptomatic case is underlined. Sequences available in GenBank/EMBL were used for comparison, and the accession numbers are shown in the first column. The calibration bar indicates percent homology.
FIG. 3.
Dendrogram constructed using the maximum-parsimony method and rotavirus VP6 partial sequences derived from human strains of SGI associated with different G and P types. Sequences derived from the neonatal asymptomatic strain I321 and of three bovine strains and a human SGII strain were included for comparison. The sequence derived from a nonneonatal symptomatic case is underlined. Sequences available in GenBank/EMBL were used for comparison, and the accession numbers are shown in the first column. The calibration bar indicates percent homology. Cambrid., Cambridge.
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capacity to induce diarrhea in mice (45) . All G10P [11] strains were of SGI and NSP4 genotype A, and both genes were within lineages exclusively comprising bovine rotavirus strains, further strengthening the evidence for zoonotic introduction of these rotaviruses. One of the significant amino acid substitutions observed between the NSP4 genogroup A typical of human strains and those of bovine strains or the human G10P [11] strains from India was located at position 135, but this position was identical in the G10 strains isolated from both asymptomatic and symptomatic cases. A second significant amino acid substitution at position 161 was located within the doublelayered particle-binding site. This also provides further evidence of the firm linkage between VP6 and NSP4, as previously observed in common and reassortant human rotaviruses (30) .
Complete characterization of the genome of strain I321 through hybridization and/or partial sequence analysis indicated that, with the exception of the genes encoding NSP1 and NSP3, the gene segments were very closely related to those derived from bovine strains (16, 18, 19, 41) . Therefore, it was concluded that this strain may have been introduced from cattle and, following reassortment with a human rotavirus strain, became established in the human neonatal population in India (1, 18, 47) . NSP1, unlike NSP3, segregated with the species of origin (18, 36, 41) , and the finding of an NSP1-encoding gene closely related to those of human rotavirus strains in the context of the otherwise almost entirely bovine I321 strain supported the hypothesis that NSP1 may be an important host restriction factor and hence could be responsible for the spread of this strain in the neonatal population in India (18, 47) . Similarly, the NSP1-encoding gene segment of the neonatal strain G9P [11] 199E was shown to be of human origin through total-genome hybridization analysis (12) .
Complete characterization and comparison of the genomes of the G10P [11] strains found in symptomatic and asymptomatic infections, including strain I321, and currently circulating bovine G10P [11] strains will show whether there are any significant differences in the remainder of their genetic makeup which may be associated with their ability to induce disease and/or spread from the neonatal population into older children.
The geographical differences observed in the patterns of disease associated with G10P [11] rotaviruses in India may be a consequence of differences in the prevalences of protective maternal antibodies in the different regions. Although currently G10P [11] is the most prevalent rotavirus genotype in cattle throughout India, there are no data preceding 1994 (26, 47) . The incidence of infections with G10P [11] rotaviruses in the human population in India may be directly linked to that in cattle, as these strains are probably transmitted from cattle to humans, and symptomatic infection in neonates may reflect the lack of type-specific protective maternal antibodies. In the absence of epidemiological data on the incidences of different viruses in cattle prior to the 1990s, the seroprevalences of G10P [11] -specific antibodies in women of child-bearing age in the different regions of India may identify susceptible populations or groups within populations.
Sporadic symptomatic infections with G10 rotaviruses have been reported in other parts of the world (5, 9, 46). There have been more recent reports from Brazil, where G10 strains have been found in symptomatic infections with incidences varying from 4 to 16% (3, 42) . Although the data are scarce, and the characterization of the G10 strains found elsewhere is incomplete, the sequences of the VP7-encoding genes of the strains collected in Vellore are much more closely related to strain I321 and to other bovine strains from India than to the G10 strains found in human infections in Japan and the United Kingdom (5, 15, 46) (Fig. 1) . This suggests that the strains found in Japan, the United Kingdom, and India are the result of different zoonotic introductions. However, the lack of diversity within the genes encoding VP7, VP4, VP6, and NSP4 of the Vellore G10P [11] strains and their similarity to I321 suggests that the cases found in India may have arisen from a single transmission event or a cluster of transmission events.
It is important to monitor the spread and evolution of G10 strains in India and in other parts of the world. G9P [11] strains were identified in India around the same period as the G10P [11] strains (14, 15) and were also associated with asymptomatic infections in neonates. Although sporadic cases of G9 strains had also been identified in other parts of the world, the incidence of infections with G9 strains was high only in India. G9P [11] strains were subsequently replaced with G9P [6] (14) strains, which probably originated through reassortment, and these infections were associated with disease. G9P [6] strains spread beyond India in the mid 1990s (10, 13, 40) , and a subsequent reassortment event yielded G9P [8] , which displaced G9P [6] and successfully spread globally, becoming a common human pathogen on all continents and becoming the most or second most prevalent rotavirus strain in many regions (11, 17, 28, 31) . Close monitoring of the evolution and spread of G10 rotaviruses and detailed characterization of representative isolates will be vital for understanding the evolution of rotaviruses and the spread and pathogenesis of novel rotavirus strains and will be of paramount importance for the successful introduction of a vaccination program.
